We investigated whether lowering food intake by high phosphorus (P) diet influenced parathyroid hormone (PTH) actions, bone turnover markers, and kidney mineral concentration in rats. Rats in two of the three groups were respectively given free access to a control diet (C group) and a high P diet (HP group) for 21 days. Rats in another group (PF group) were pair-fed the control diet with the HP group. Compared to the C and PF groups, serum PTH concentration, urinary Cterminal telopeptide of type I collagen excretion, and kidney calcium and P concentrations were significantly higher in the HP group. Urinary excretion of cAMP was significantly lower in the HP group than in the C and PF groups. These results suggested that high P diet decreased PTH action in the kidney and increased bone resorption and kidney mineral concentrations independently of lowering food intake.
Total phosphorus (P) consumption is increasing and is presumably more than 1500 mg/day when imported food containing P and the consumption of P-containing food additives in Japan are considered.
1) The characteristic phenomena caused by high P consumption are an increase in parathyroid hormone (PTH) secretion and an induction of nephrocalcinosis. We previously reported that a high P intake decreased the urinary excretion of 3 0 5 0 -cyclic adenosine monophosphate (cAMP) in rats, although the serum PTH concentration was elevated. 2, 3) Furthermore, our previous studies using rats showed that high P diet increased urinary C-terminal telopeptide of type I collagen (CTx) excretion, a marker of bone resorption, following with an increase in serum PTH concentration. 4, 5) These results suggested that chronic PTH hypersecretion by high P intake decreased PTH action in the kidney, and increased bone resorption. Moreover, increases in kidney calcium (Ca) and P concentrations and the incidence of nephrocalcinosis were induced in rats fed a high P diet. 6, 7) Thus, high P diet has several effects on Ca and P metabolism. Our previous studies also showed that high P diet decreased food intake, [3] [4] [5] 7) indicating that high P diet decreased the intake of other nutrients. Therefore, not only an increase in P intake but also decreases in the intake of other nutrients are important to consider in rats fed a high P diet. This study investigated whether lowering food intake by a high P diet influenced PTH actions and incidence of nephrocalcinosis in rats. We determined the changes in PTH action and incidence of nephrocalcinosis by measuring urinary cAMP excretion, urinary CTx excretion, and kidney Ca and P concentrations in rats fed the high P diet in comparison with these changes in rats allowed to eat ad libitum or restricted food intake by pair-feeding.
Eighteen 4-week-old male Wistar strain rats were purchased from Clea Japan and housed individually in metabolic cages in a room maintained at 22 C with a 12-hour light/dark cycle. The Tokyo University of Agriculture Animal Use Committee approved the study, and the animals were maintained in accordance with the guidelines of the university for the care and use of laboratory animals. All rats were fed a control diet containing 0.3% P and 0.5% Ca for 7 days of acclimatization period. After 7 days, the rats were randomly assigned to three experimental groups of 6 rats each. The rats in two of the three groups were respectively fed the control diet (C group) and a high P diet (HP group) containing 1.5% P and 0.5% Ca, and allowed to eat ad libitum. The rats in another group (PF group) were pair-fed the control diet with the HP group. The experimental diets were based on the AIN-93G diet (Table 1) . 8) All rats were given free access to distilled water. Their urine was collected for the last 24 hours for analysis. After 21 days of experimental period, all rats were sacrificed, and blood and kidney samples were collected for analysis.
The blood samples were centrifuged, and the supery To whom correspondence should be addressed. Tel: +81-3-5477-2444; Fax: +81-3-5477-2658; E-mail: kazu@nodai.ac.jp natants were used as serum samples. Serum and urine were stored at À80 C until needed for analysis. Kidney samples were dried for 24 hours, ashed and then demineralized with 1 mol/l HCl solution. Ca in serum and kidney was analyzed by atomic absorption spectrophotometry (Hitachi A-2000) according to the method of Gimblet et al. 9) Serum P was analyzed colorimetrically with a P-test Wako (Wako Pure Chemical Industries, Japan), and kidney P was analyzed colorimetrically according to the method of Gomori.
10) Serum PTH was measured with an enzyme-linked immunosorbent assay (ELISA) kit (Immutopics Inc, USA).
Urinary cAMP was measured with a cAMP enzymeimmunoassay Biotrak system (Amersham Pharmacia Biotech, UK). Serum osteocalcin was measured with an Osteocalcin rat ELISA system (Amersham Pharmacia Biotech). CTx in serum and urine was measured with a RatLaps ELISA (Nordic Bioscience Diagnostics A/S, Denmark). Urinary creatinine was measured with a Creatinine-test Wako (Wako Pure Chemical Industries).
Results were expressed as the means AE SE for each group of six rats. After one-way analysis of variance (ANOVA), Fisher's PLSD was used to determine significant differences between groups. Significant differences were considered at a p value of less than 0.05.
Compared to the C group, lower final body weight, weight gain, food intake and Ca intake were observed in the HP and PF groups ( Table 2 ). There were no significantly differences in final body weight, weight gain, food intake and Ca intake between the HP and PF groups. P intake was significantly higher in the HP group than in the C and PF groups, and significantly lower in the PF group than in the C group. Serum Ca concentration was significantly lower in the HP group than in the C and PF groups, and did not differ between the C and PF groups (Table 3) . Serum P and PTH concentrations were significantly higher in the HP group than in the C and PF groups, and being higher in the PF group than in the C group. Urinary excretion of cAMP was significantly lower in the HP group than in the C and PF groups, and did not differ between the C and PF groups. Serum osteocalcin concentration was significantly higher in the HP group than in the C and PF groups, and being lower in the PF group than in the C group. Serum concentration and urinary excretion of CTx were significantly higher in the HP group than in the C and PF groups, and did not differ between the C and PF groups. Kidney Ca and P concentrations were significantly higher in the HP group than in the C and PF groups, and did not differ between the C and PF groups. PTH action is expressed in the target organs through the cAMP signal pathway. Since cAMP increased by PTH signals leaks from the proximal tubular cells to the urine, the urinary excretion of cAMP is recognized as an index of PTH action in the kidney. [11] [12] [13] Regarding PTH action in the bone, elevated PTH secretion causes an increase in bone resorption. CTx is excreted into the body fluids when bone tissue is broken down during bone remodeling, and it is useful for showing acute change in bone resorption. 14) Therefore, serum concentration and urinary excretion of CTx are both suitable indices for PTH action in the bone.
Compared to rats given free access to the control diet, food intake was reduced to about 70% in rats pair-fed the control diet with the HP group. The reduction of food intake did not influence serum Ca concentration, urinary excretion of cAMP, serum concentration and urinary excretion of CTx, and kidney Ca and P concentrations. Furthermore, serum P and PTH concentrations were significantly higher in the PF group than in the C group. Since PTH action was unchanged in the kidney and bone despite the increased PTH secretion, serum PTH concentration might be maintained within the normal range in the PF group with the reduction in food intake to about 70%. In contrast, serum osteocalcin concentration, a marker of bone formation, was influenced by dietary restriction in this study. Serum osteocalcin concentration was decreased by reduction of food intake in rats fed the control diet. Previous studies reported that dietary restriction or energy restriction decreased serum osteocalcin concentration. 15, 16) However, the exact mechanism underlying this regulation remained to be determined.
In rats given free access to the experimental diets, serum Ca concentration was decreased and serum P concentration was increased in rats fed the high P diet compared to those fed the control diet. These changes in serum Ca and P concentrations caused an increase in serum PTH concentration, agreeing with the results of our previous studies. [2] [3] [4] [5] Similarly, a decrease in serum Ca concentration and increases in serum P and PTH concentrations were observed in rats fed the high P diet compared with those pair-fed the control diet. These results indicated that the changes in serum Ca and P concentrations and PTH hypersecretion were caused by high P diet regardless of the food restriction.
In our previous studies, 2, 3) high P diet decreased urinary excretion of cAMP, despite increasing PTH secretion. Furthermore, PTH/PTHrP receptor mRNA expression in the kidney was also decreased by the high P diet. These results suggested that the greater PTH secretion by the high P diet might have resulted in down-regulation of the PTH/PTHrP receptor mRNA expression, which might suppress the PTH action in the kidney. In this study, urinary excretion of cAMP was significantly lower in the HP group than in the C and PF groups. On the other hand, bone resorption is enhanced by chronic PTH hypersecretion. It is known that secondary hyperparathyroidism by high P diet is a risk factor for bone loss. Our previous studies showed that PTH hypersecretion increased urinary excretion of CTx and resulted in a lower bone mineral density in rats fed the high P diet. 4, 5) However, there was a possibility that the lower body weight by the high P diet might affect the bone mineral density. In this study, serum concentration and urinary excretion of CTx were significantly higher in the HP group than in the C and PF groups. These results suggested that high P diet decreased the PTH action in the kidney and increased bone resorption following PTH hypersecretion, and that the lower food intake was not a dominant cause of these symptoms from the high P diet.
Another symptom is known as nephrocalcinosis in rats fed a high P diet. Our previous study showed that the high P diet increased incidence of nephrocalcinosis and kidney mineral concentration when rats had free access to the experimental diets. 7) In this study, high P diet increased kidney Ca and P concentrations compared with rats allowed to eat ad libitum or restricted food intake by pair-feeding. This result suggested that the increased kidney mineral concentrations were also induced by the high P diet regardless of the lower food intake.
The detailed mechanisms for the lower food intake resulting from a high P diet are still unclear. In the study of Siu et al., 17) growing rats were offered a choice of two diets, one containing a deficient concentration of P (0.1%) and the other containing 0.3%, 0.6%, 1.2% or 1.8% P. This study showed that all the rats selected mixtures of the diets containing nearly identical P contents in the 0.6%, 1.2% or 1.8% P diets, demonstrating the existence of a feedback mechanism by which growing rats regulated their P intake within narrow limits. Furthermore, they confirmed the existence of a feedback mechanism that regulated the voluntary consumption of P in accordance with physiological needs from a study that used mature, vitamin D-deficient or parathyroidectomized rats. 18) In our previous study as well, food intake was reduced in rats fed the high P diets containing 1.2% and 1.5% P compared to those fed the 0.3%, 0.6% and 0.9% P diets, and being lower in the rats fed the 1.5% P diet than in those fed the 1.2% P diet. 3) In spite of the lower food intake in rats fed the 1.5% P diet than in those fed the 1.2% P diet, P intake was unchanged between the 1.2% and 1.5% P diet groups (1.2% P diet: 191:0 AE 5:5 mg/day; 1.5% P diet: 193:1 AE 3:1 mg/day; unpublished data). These results supported the idea that the P intake was self-regulated when rats were fed the excess P diet that exceeded physiological needs. However, further studies are required to investigate the detailed mechanism for this self-regulation of P intake.
In conclusion, a high P intake caused secondary hyperparathyroidism, which decreased urinary excretion of cAMP, and increased serum concentration and urinary excretion of CTx and kidney mineral concentrations. These changes in PTH action and increased kidney mineral concentrations were independent of the lower food intake.
